Abstract: In this paper, the practical stabilization problem is addressed for a class of uncertain nonholonomic mobile robots with uncalibrated visual parameters. Based on the visual servoing kinematic model, a new switching controller is presented in the presence of parametric uncertainties associated with the camera system. In comparison with existing methods, the new design method is directly to control the original system without any state or input transformation, which is effective to avoid singularity. Under the proposed control law, it is rigorously proved that all the states of closed loop system can be stabilized to a prescribed arbitrarily small neighborhood of the zero equilibrium point. Finally, the simulation results show the effectiveness of the proposed controller design approach.
Introduction
For the last few decades, the problem of control of nonholonomic systems has been studied by many researchers and has attracted a continuously increasing attention in the control community. As pointed out in [1] , such a class of nonlinear systems cannot be stabilized to a point with pure smooth (or even continuous) state feedback control. Therefore, the stabilization problem of nonholonomic systems is still extremely challenging. Up to now, there have been a lot of control methods to stabilize such systems: continuous time-varying feedback controllaws [2] - [4] , hybrid feedback controllaws [5] - [7] and discontinuous feedback control laws [8] - [11] .
Recently, based on the visual servoing feedback model, a new robust control issue is considered in [12] for uncertain nonholonomic mobile robots with uncalibrated camera parameters. In [13] , an adaptive sliding mode controller is designed to stabilize a class of uncertain dynamic mobile robots in the presence of parametric uncertainties of the camera system. In addition, the dynamic feedback robust regulation problem and the dynamic feedback tracking control problem have been addressed with unknown depth information and visual parameters of a fixed camera in [14] and [15] , respectively. However, these results have a common defect: it may be somewhat unrealistic to assume that some parameters of the camera system are unknown while others are known. And these existing approaches [2] - [15] above are invalid when we deal with the robust stabilization problem for such nonholonomic mobile robots with assuming that all the camera parameters are unknown.
This article considers the practical stabilization problem for a class of nonholonomic mobile robots based on visual servoing feedback with uncalibrated visual parameters. A new switching controller is presented in the presence of parametric uncertainties. Our main contributions can be summarized as the following two respects: 1). The new design method is directly based on the original system model without using any transformation of coordinates or inputs, it is valid to avoid appearing singularity. Under the proposed switching controller, it is rigorously proved that all the states of closed loop system can be stabilized to a prescribed arbitrarily small neighborhood of the zero equilibrium point.
2). Compared with other results on the same subject (visual servoing feedback control of nonholonomic mobile robots) [12] - [15] , it is more realistic to suppose that all the parameters of the camera system are unknown.
The structure of this article is as follows: Section II gives a statement of the problem considered in this paper. A proper assumption and a lemma are also presented in this section. Section III gives our main results including switching controller design and stability analysis (proot). Section IV provides an illustrative numerical example and the corresponding simulation results of the proposed methodology. Finally, a conclusion is shown in Section V.
Problem Statement
A class of nonholonomic wheeled mobile robots is shown in Fig.l . The two fixed rear wheels of the robot are controlled independently by motors, and a front castor wheel prevents the robot from tipping over as it moves on a plane. Assuming that the geometric center point and the mass center point of the robot are the same, and that the radii rare identical for all the wheels and the distance 2R between the fixed wheels is a known positive constant. Its kinematic model can be described by the following differential equations [16] : 
X2
Caster wheel y where (x, y) is the position of the mass center of the robot moving in the plane. v is the forward velocity, w is the steering velocity and () denotes its heading angle from the horizontal axis. v and w are usually regarded as control inputs.
(::) (~1:2) R ( : =~: )+ ( z:: ), (2) where al and a2 are positive constants, which are dependent on the depth information, focal length, scalar factors along u axis and v axis respectively of the camera system. Here,
where ()o denotes the angle between X axis and y axis with a positive anticlockwise orientation.
From (1), (2) and (3), by using a simple derivation, the image-based kinematical equation of the robot can be obtained Generally, for system (1), the state (x, y) can be got from the encoders of motors and other sensors such as ultrasonic sensors, infrared sensors, etc. However, in the objective world and engineering fields, it is difficult to implement such schemes. Here, the camera shown in Fig.2 
is used to measure the position (x, y), its image position is noted as (x m , Ym).
We consider that the movement of the mobile robot (1) can be measured by using a pinhole camera fixed to the ceiling (as shown in Fig.2 ). Assuming that the camera plane, the image plane and the robot plane are parallel. There are four coordinate frames, namely the inertial frame X -Y -Z, the camera frame x -y -Z, the image frame u -01 -v, and the attached robot frame Xl -P -X 2 . Point C is the crossing point between the optical axis of the camera and X -Y plane. Its coordinate relative to X -Y plane is (c x , cy). The coordinate of the original point of the camera frame with respect to the image frame is defined by (0ci , 0 C2 ). And (x, y) is the coordinate of the mass center P of the robot with respective to X -Y plane.
In the field of visual servoing feedback of robots, usually the camera parameters aI, a2 and the angle ()o can be got by calibration. But this process will take a lot of time, which implies that it is impossible to use this method in high requirement of real-time. Therefore, it is necessary to consider how to design a control law in the case of dealing with these uncalibrated parameters.
In this paper, we consider the robust practical stabilization problem of visual servoing feedback model (4) when aI, a2 and ()o are all unknown parameters.
Assumption 1: aI, a2 and ()o are bounded, and the bounds of which are known positive constants,
Remark 1: It is noted that the assumption above is not rigorous because it is not difficult to estimate the bounds of the depth information, focal length and scalar factors of the camera in advance. As for the angle ()o, see in Fig.2 , we can always assume that it falls within a certain range.
Next, we will introduce the following lemma that is needed for our controller design later. The pinhole camera model can be expressed as [12] :
where TJ, ii E R l are state variable and control input, respectively. Taking a continuous, fractional control law where k > 0, (3 E (0,1) 
MAIN RESULTS
In this section, the main results will be presented. To better understand the idea of design, it is useful to first give a careful analysis. Considering system (4) The following theorem and its proof will present our switching controller design and stability analysis. Step 2j-l, where j denotes the number of cycles of the switching algorithm beginning with j == 1.
Step 2j-l: For all T~j-l 2: 0, if IXm(T~j_l)1 > c, let where k2j -1 ,1 > 0, }32j-l E (0,1) are design parameters.
When 0(t) == i after some finite time, then let (9) where k 2j-1,2 > 0 is a design parameter. Then, there exists o~T2j-1 < +00 such that Ix m(T2j-1)1~e , and if
IYm(T2j-1 ) 1~c, go to
Step 0, else if IYm(T2j-1)1 > e, go to the next step.
Step 2j: Let (4) The main idea is introduced as follow to show how to design a switching controller for system (4) . In every step of the switching process, we always let the angle O(t) == -i or i after some finite time by designing the control input w, and simultaneously design v to drive Ixm(t)1(IYm(t) I) to a small positive constant while IYm(t)1 (lxm(t)l) is bounded, the bounds of them are smaller and smaller. Finally, there must exist a finite time 0 < T < +00 such that Ixm(T)1ẽ
, IYm(T) 1~e for any arbitrarily small e > 0 given in advance. Then after that, we can let (x m (t) ,Ym (t)) remain v == k2j ,2Ym, w == 0, (11) o. And according to Lemma 1, there exists a finite time o < T < +00 such that O(t) == 0, Vt 2 T. Therefore, after t > T, the control law v == w == 0 ensures that Substituting (11) into the formulas above, it has from which, we have
where 8 1 is a given small constant satisfying that 18 11 < 18 0 I.
Substituting (18) into the formula above, it has
Xm(t) == _qYm (Tl)e-k2,2a2(t-T2,1) sin(Oo+i) +xm(Tl)+qYm(T l). Substituting (9) into the equations above, we have
From (12), it has
We also suppose that IX m (T 2 ) I > co, then go to Step 3 again.
Generally, similar derivation can be done if necessary. For every j E {I, 2, 3, ... }, there always exist corresponding 0 < T2j-l < +00 and 0 < T2j < +00 such that
Substituting (14) into (13), then integrating it directly from Tl,l to t, we have (21) and that
By using the assumption 1, we have
== qmax
According to (14) , (15) and (16) 
In addition, from Assumption 1, (16) and (17), it has and that 1 < 2 .
< 1.
-tan (OoHn +~)
Then from (22), one can obtain,
(27) 
-pq -pq By using (7), (16), (17) and (25) 
SIMULATIONS
In this section, the switching controller proposed in Theorem 1 is used to show how to stabilize the state (x m (t),Ym(t), 0(t)) of the uncertain visual feedback system (9) into a prescribed arbitrarily small neighborhood of the zero equilibrium point. We will demonstrate the effectiveness of our methods by a numerical example.
In the following simulation, we assume that: e = 0.02, co = 0.05, 6j = 0.04, (Vj E {I, 2, 3 Step 0 rv Step 2j in Theorem 1. When t 2:: 33s, it has Ixm(t)1~e and IYm(t)1~e. While O(t) is always switched between 1r / 4 and -1r / 4, and finally, O(t) == 0 as t 2:: 40s.
CONCLUSION
In this paper, a switching controller is presented for the practical stabilization problem of a class of nonholonomic mobile robots based on visual serving model with uncalibrated camera parameters. The best innovation of this paper is that the controller design is based on the less strict hypothesis (assuming that all the camera parameters are unknown) compared with the previous results [12] - [15] , which is more practical in real world implementations. In addition, the new design method is directly based on the original system model without any local change of coordinates or feedback, it is valid to avoid appearing singularity.
